INTRODUCTION
Soil salinity is a major constraint on crop yield. It currently affects >20% of irrigated and 8% of rain fed agricultural land and these figures are rising due to natural and anthropogenic processes (FAO 2000; Pitman and Läuchli 2002; Pimentel et al. 2004; Rengasamy 2006; Hasegawa 2013) . Consequently, genetic improvements in the salt tolerance of wheat are essential if we are to sustain increases in global food production. Bread wheat grain yield is influenced by many abiotic stresses including salinity, and can be associated with specific traits for salt tolerance. For example, leaf sodium (Na + ) exclusion was found to be the primary sub-soil constraint linked trait that was associated with genetic variation in wheat grain yield under Australian field conditions (McDonald et al. 2013) . Bread wheat (Triticum aestivum L., genome AABBDD) is a relatively salt tolerant cereal species, especially compared to durum wheat (T.
turgidum L. ssp. durum [Desf.], genome AABB), largely due to its superior ability to exclude Na + from the leaf (Dvorak et al. 1994) . Uptake of 22 Na + into bread wheat and durum wheat roots was found to be similar, but 22 Na + transfer from the roots to the shoots in bread wheat was six times less than in durum wheat (Gorham et al. 1990 ). Under conditions of abiotic stress, such as saline soil conditions, membrane transporters are critical in maintaining plant productivity (Schroeder et al. 2013 ). In particular, leaf Na + exclusion is a trait that can be altered significantly by a single membrane transporter (Munns et al. 2012) . However, the mechanism underpinning the major leaf Na + exclusion trait in bread wheat has not been characterised at a molecular level.
Kna1 is the major locus controlling leaf Na + exclusion in bread wheat and is critical in maintaining a high K + /Na + ratio in the leaves in this major staple crop (Gorham et al. 1987; 1990) . In saline conditions durum wheat recombinant inbred lines introgressed with Kna1 produced higher grain yield and more biomass than lines without Kna1 (Dvořák et al. 1994) .
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Kna1 has been mapped to a large region on chromosome 4DL (Dvořák and Gorham 1992) .
Identification of the location of Kna1 was achieved by transferring the locus into durum wheat using a mutant line lacking the Ph1 locus, a strategy which enabled recombination between homoeologous chromosomes that is normally supressed. Analysis of Na + exclusion in the resulting recombinant lines where chromosomes 4D and 4B were recombined indicated that
Kna1 is conferred by a single locus. Limited recombination at the Kna1 locus has restricted attempts to employ fine mapping to determine the identity of the candidate gene for Kna1 (Gorham et al. 1987; Dvořák and Gorham 1992; Dubcovsky et al. 1996; Luo et al. 1996; Milla and Gustafson 2001; Byrt et al. 2007 ). The segment of the chromosome containing Kna1 spans 14% of the chromosome arm and it is difficult to eliminate genes within this region as candidates for this important salinity tolerance locus. For example, there are three QTL that impact salt tolerance during seed germination that all map to this region on 4DL (Ma et al. 2007 ).
In addition to Kna1, two other loci conferring Na + exclusion traits have been identified in wheat: Nax1 (Na + exclusion 1) and Nax2 (Na + exclusion 2) (James et al. 2006; Lindsay et al. 2004; Munns et al. 2003) . Resources such as fine mapping populations, recombinant inbred lines and chromosome deletion lines were employed to determine the identity of the genes that determine the Nax1 and Nax2 shoot Na + exclusion phenotype (Huang et al. 2006; Byrt et al. 2007) . HKT genes (high-affinity potassium (K + ) transporter) of the Class 1 type, which are predicted to transport Na + and not K + (Mäser et al. 2002; Platten et al. 2006) , were found in both cases to map to the Na + exclusion loci; these were named TmHKT1;4-A2 (Nax1) and TmHKT1;5-A (Nax2) based on their phylogeny and the chromosome on which they reside.
TmHKT1;4-A2 and TmHKT1;5-A are not ordinarily present in modern wheat as they are derived from the A genome of Triticum monococcum (James et al. 2006 ). The T. monococcum genome is homologous to the A genome of modern polyploid wheat but not a direct ancestor (Huang et al. 2008 ). These genes were transferred into a cultivar of durum wheat by the way of a cross with a T. monococcum accession (James et al. 2006 2007; James et al. 2011 James et al. , 2012 Munns et al. 2012) . For the Nax1 locus, recombination events either side of TmHKT1;4-A2 made it possible to fine map and eliminate other possible candidate genes at the Nax1 locus, providing convincing evidence that TmHKT1;4-A2 was the Na + exclusion gene Nax1 (Huang et al. 2006) .
It was suggested previously that Kna1 and Nax2 may be homoeologous genes (Byrt et al. 2007 ). This was considered plausible because Kna1 is located on chromosome 4DL and Nax2 on 5AL, and the distal part of the 5AL chromosome ancestrally corresponds to the distal part of 4AL. The similarity in the phenotype conferred by Kna1 and Nax2 supported this suggestion.
Durum wheat lines with Nax2 had 2.5 times less leaf Na + than lines without Nax2, and bread wheat cytogenetic chromosome deletion lines with Kna1 had four times less leaf Na + than lines lacking the Kna1 region (Byrt et al. 2007) . A homeologous gene of the candidate gene for Nax2 (TmHKT1;5-A) was observed at the Kna1 locus (TaHKT1;5-D). This observation indicated that
TaHKT1;5-D may be the casual gene for Kna1 but did not provide any direct evidence of this assertion. PCR. We also took a plant transformation approach, developing two constructs designed to specifically target and silence the expression of TaHKT1;5-D. These constructs were introduced into bread wheat and the impact on leaf ion accumulation was tested. These data indicate that the function and phenotypes associated with TaHKT1;5-D are consistent with this gene being responsible for, Kna1, the major leaf Na + exclusion locus of bread wheat.
RESULTS

TaHKT1;5-D is a plasma membrane Na + transporter
Yeast (Saccharomyces cerevisiae strain InvSc2) transformed with TaHKT1;5-D or an empty vector control plasmid were grown in liquid media, and on agar plates with and without additional NaCl in two types of growth media (Arginine Phosphate (AP) medium, Fig. 1A and Synthetic Complete medium minus uracil (SC-Ura) medium, Figure S1 ). Growth of yeast transformed with TaHKT;5-D was similar to that of the empty vector control when grown in liquid AP media, which contained less than 8 µM Na + . Agar contains 6 mм Na + , therefore, even without additional Na + supplementation there was approximately 6 mм Na + in the AP agar media and 10 mм Na + in the in SC-Ura agar media (Munns et al. 2012 ). This concentration of Na + slightly suppressed the growth of TaHKT1;5-D expressing yeast compared to the empty vector controls and the addition of 100 mм and 200 mм NaCl significantly inhibited the growth of TaHKT1;5-D expressing yeast (Fig. 1A , Figure S1 ). The reduced growth phenotype observed for (Fig. 1E ). These are close to the predicted shifts in membrane potential based on Nernst potential calculations for Na + (E Na ; 59 and 26 mV, respectively). Taken together this evidence suggests that the inward and outward currents in Figure 1D (and 1E) are likely to be constitute Na + influx and efflux from the oocyte, respectively. As such, these results are consistent with TaHKT1;5-D forming a Na + -selective uniporter. However, as clearly illustrated in Figure 1F , there is an inhibition of Na + transport through TaHKT1 
Transformation of bread wheat to introduce two TaHKT1;5-D RNAi constructs
Two constructs were generated, RNAi1 and RNAi2, which encoded hairpin TaHKT1;5-D fragments. The fragments differed by 14 bp at the 5' end and 27 bp at the 3' end and had no significant similarity to other HKT-type genes. Callus from 500 embryos was co-bombarded with the RNAi constructs and a plasmid for antibiotic selection. The plants generated from this the transgenic lines they were grown in saline conditions. The lines with the RNAi constructs had higher leaf Na + concentrations and lower leaf K + /Na + ratios than their respective null lines (Fig. 3 B and C and Figure S2, C and D) . This trend was evident in all generations, although it was not statistically significant in every case (Fig. 3, 4 and Figure S2 and Table SII ). Higher leaf Na + was observed whether the NaCl concentration was minimal (Figure S2, C and D) , 50 mм ( Fig. 3 ), 100 mм (Fig. 4 ) or 150 mм (Figure S2, A and B) , with the exception of the T4 plants grown in media with minimal NaCl, where there was no significant difference in leaf Na + concentrations or K + /Na + ratios between the lines ( Figure S3 , B and C).
In the T2 generation, where plants were grown in standard hydroponic media with an additional 50 mм NaCl, the lines with the RNAi2 constructs had significantly higher leaf Na + and significantly lower leaf K + /Na + ratios than that of the null RNAi2 lines (Fig. 3 , B and C). In the T3 generation, where plants were grown in soil with no additional NaCl, both the lines with the RNAi1 and the lines with the RNAi2 constructs had significantly higher leaf Na + and significantly lower leaf K + /Na + ratios than that of their respective null lines (Figure S2, C and D) .
In the T4 generation, where plants were grown in standard hydroponic media with an additional 100 mм NaCl, the lines with the RNAi1 constructs had significantly higher leaf Na + and significantly lower leaf K + /Na + ratios than that of the null RNAi1 lines (Fig. 4 , B and C).
DISCUSSION
Kna1 is a major locus contributing to salinity tolerance in bread wheat where it controls leaf Na + exclusion, but the gene responsible for this phenotype has remained unresolved. In bread wheat, cytogenetic chromosome deletion lines lacking Kna1 were shown previously to have four times more leaf Na + than the cultivar with Kna1 (Byrt et al. 2007) . In that study it was Here, we present direct evidence that TaHKT1;5-D is the causal gene for Kna1. We established that TaHKT1;5-D is expressed in the stele in wheat roots and that TaHKT1;5-D is present on the plasma membrane (Fig 2) . We then demonstrate that knock-down of TaHKT1;5-D transcription in transgenic bread wheat lines results in higher leaf Na + content ( Fig. 3 and Fig. 4 ).
The elevated leaf Na + phenotype was observed in multiple generations of transgenic wheat lines derived from two independent plant transformation events and the phenotype was observed in both non-saline and saline growing conditions. This indicates that the mechanism by which TaHKT1;5-D limits the accumulation of Na + in the leaves is by removing Na + from the root stelar apoplast. The phenotype conferred by TaHKT1;5-D in the transgenic wheat lines described here is consistent with the phenotype associated with Kna1; that is, lines with Kna1 have lower Na + levels in the leaves than recombinant lines without Kna1 (Dvořák et al. 1994 ). This indicates that TaHKT1;5-D confers the major Na + exclusion trait Kna1 and demonstrates the impact of a single HKT gene on the accumulation of Na + in the shoot of bread wheat. (James et al. 2011; 2012) . This also indicates that salinity tolerance in wheat can be further improved by adding different HKT1;5 alleles.
The expression of TaHKT1;5-D did not differ when there was minimal (6 mм) Na + in the hydroponic media relative to when 100 mм NaCl was added. This indicated that the high concentrations of external NaCl may not trigger a significant increase in the expression of
TaHKT1;5-D in cv. Bob White (Fig. 4A and Figure S3A ). Similarly, increasing external Na However, there appears to be a basal level of expression of these genes that is clearly important for Na + exclusion. In this study, a reduction in the transcript level of TaHKT1;5-D was observed in transgenic RNAi lines and this was associated with an increase in the Na + concentration in the leaves (Fig. 3 and 4 ). In the current study and that by Munns et al.
(2012), it appears likely that there is a threshold level of HKT1;5 expression maintained regardless of variation in external NaCl concentration.
In the case of Nax2 (TmHKT1;5-A) and Kna1 (TaHKT1;5-D) it was observed that a Na + selective transporter, expressed in stelar root cells, can limit the amount of Na + that is transported in the xylem to the leaf tissues (Munns et al. (2012) and current study). Retrieval of Na + into the leaf sheath, a trait conferred by Nax1 (TmHKT1;4-A2) is also effective in limiting Na + accumulation in the leaves. The ion transport characteristics of TmHKT1;4-A2 are yet to be described, but a recent report has shown that similar alleles from durum wheat TdHKT;4-1 and TdHKT1;4-2 encode Na + selective transporters (Amar et al. 2013) . Interestingly, in contrast to the K + block of Na + transport for TaHKT1;5-D and TmHKT1;5-A, a K + -stimulation of Na + transport was reported for TdHKT1;4-1 and TdHKT1:4-2 when expressed in Xenopus laevis oocytes (Amar et al. 2013) . From combining our observations with that of others, it is clear that there is significant variation in the Na + transport activity of different wheat HKT1;4/1;5 proteins and there is also variation in the tissues in which HKT1;4/1;5 genes are expressed and the level of HKT1;4/1;5 mRNA expression. A clear opportunity now presents itself to determine the factors that underpin all of these properties, using these closely related genes, and this will assist in our understanding of how the regulation in gene expression and structural determinants of selectivity combine to determine leaf Na + exclusion (Waters et al. 2013) . The present data indicates that reducing the transcript levels of a group 1 HKT gene by gene silencing in wheat roots results in a significant increase in leaf Na + and a reduction in leaf K + . These data will inform future strategies to make significant improvements in the salinity tolerance in bread and durum wheat. By further investigating the impact of HKT1;4/HKT1;5 variants on the control of Na + and K + transport in planta it may be possible to identify allelic variants that could be introduced into commercial wheat lines to further increase their ability to exclude Na + and improve salinity tolerance.
EXPERIMENTAL PROCEDURES
Growth inhibition assays in Saccharomyces cerevisiae
Growth inhibition assays of TaHKT1;5-D were performed in S. cerevisiae strain INVSc2
(MATa, his3-D200, ura3-167, Invitrogen) and expression was induced using the GAL1 promoter (2007) . Three oocytes per sample were homogenized in 1 mL of 1% nitric acid and incubated at 75°C for 1 hr. An aliquot was diluted in 1% nitric acid and the moles of Na + and K + were measured relative to standards using a flame photometer (M410, Corning). Arabidopsis plants that were 5-6 weeks old and grown as described by Conn et al (2013) 
RNA in situ PCR
Followed Munns et al. (2012) with the following modifications: 1.5U Phusion DNA polymerase (New England Biolabs) was used instead of Taq DNA polymerase. The primers used for the cDNA synthesis step (R only) and PCR (both F and R) were TaHKT8F CGACCAGAAAAGGATAACAAGCAT and TaHKT8R AGCCAGCTTCCCTTGCCAA; the product amplified by these primers was sequenced to confirm that they are specific to TaHKT1;5-D. Cycling parameters were as follows: initial denaturation at 98°C for 30 s, then 27 cycles of 98°C for 10 s, 55°C for 30 s, 72°C for 7 s and a final extension at 72°C for 10 min.
Generation and characterisation of transgenic plants containing RNAi constructs
The vector used to generate the RNAi constructs, pSTARGATE, contains the maize ubiquitin promoter and introns and is similar to pSTARLING (Christensen et al. 1996; Rooke et al. 2000) with the exception that it is enabled with Gateway TM recombination sites. The constructs express a DNA from three T1 plants derived from a T0 plant positive for the RNAi1 construct was included in a PCR test and all three samples were positive for the RNAi1 construct, whereas when DNA from three T1 plants derived from a T0 plant positive for the RNAi2 construct was included in a PCR test two samples were positive for the RNAi2 construct and one was negative for the construct. Values are means ± SE Lines were grown in aerated hydroponics following Shavrukov et al. (2010) . No additional NaCl was added to the hydroponic media, however the hydroponic media is not free of sodium; approximately 1 mM Na + is present in the media (Genc et al. 2007 ), thus it is referred to as minimal NaCl media. A: RNAi1 n = 12; RNAi2 n = 12; null RNAi1 n = 10; null RNAi2 n = 9; B, C: RNAi1 n = 9; RNAi2 n = 10; null RNAi1 n = 8; null RNAi2 n = 10.
Different letters indicate a significant difference (P < 0.05) using Tukey's test following a oneway ANOVA.
